Temporal modulation sensitivity functions (MSFs) were measured behaviorally in three adult tree shrews (Tupaia belangeri ). Shrews were trained to detect temporal sinusoidally-modulated full-field luminance variations in one of three stimuli, the two alternatives being static stimuli of equal size and time-averaged luminance (34 cd/m 2 ). Modulation depth was varied trial-by-trial using a modified staircase technique under ambient illumination of 16 lux. Threshold modulation depths were determined for five temporal frequencies ranging from 3.7 to 47 Hz. Results revealed temporal MSFs that peaked at 15 Hz with a low-frequency roll-off and an extrapolated high-frequency cut-off beyond 50 Hz. These findings confirm the comparatively good temporal vision of Tupaia predicted by behavioral observations.
Introduction
The tree shrew, a small diurnal mammal, has been of interest to visual neuroscientists due to its highly conedominated retina and its well-developed central visual system. Although most recently classified in the order Scandentia (MacDonald, 1984) , the idea that tree shrews may represent a prototype of primitive primates has also maintained much interest in this species. That premise was originally based, in large part, on their primate-like central visual system, (see Campbell, 1980 for review). Numerous neuroanatomical and physiological studies have investigated the underlying components of tree shrew vision. Other studies have measured visual capacities using behavioral methods, e.g. grating acuity (Ordy & Samorajski, 1968; Schäfer, 1969; Ward & Masterton, 1970; Ware, Casagrande & Diamond, 1972) ; spatial contrast sensitivity (Petry, Fox & Casagrande, 1984) ; color vision and spectral sensitivity (Polson, 1968; Jacobs & Neitz, 1986; Petry & Kelly, 1991) and flicker fusion frequency (Schäfer, 1969) .
Missing from this characterization of tree shrew vision are measurements of temporal vision and stereopsis. From observations of tree shrews navigating quickly and with much agility in arboreal environments, one would predict that these two capacities should be well developed. The psychophysical study of temporal modulation sensitivity reported here confirms this expectation (some of these data have been published in a research abstract, Callahan & Petry, 1993) .
Materials and methods
Three adult male tree shrews (Tupaia belangeri ) were maintained under standard cyclic (14:10, L:D) fluorescent lighting (59-366 lux). In order to insure comparable levels of motivation across subjects for a liquid reinforcer, water intake was monitored and restricted as necessary prior to behavioral testing. The care and treatment of all animals adhered to NIH guidelines and met institutional (IACUC) approval.
Animals were trained and tested in a 30×30× 30 cm operant chamber, under ambient illumination of 16 lux as described previously (Petry & Kelly, 1991) . Three clear Plexiglas windows (1.9 cm dia.) were mounted on the front panel of the chamber. The centers of the windows were located 5 cm from the grid floor and 9 cm apart. Surrounding each window was an annular metallic disc that, when touched, signaled a response had been made. Stimuli were generated on a Nanao Flexscan 9080i RGB color monitor (117.3 Hz frame rate) which abutted the behavioral apparatus. A Vision Research Graphics 'VisionWorks' display system was used to generate a circular, achromatic, temporallymodulated patch (sinusoidal full-field modulation), and two identical, but static, patches of equal time-averaged luminance (34 cd/m 2 ) (ambient illumination and stimulus luminance were chosen to be consistent with previous studies). Depending on the animal's position within the chamber each stimulus could have subtended between 4.1 and 62°of visual angle, however, the usual viewing position of the shrews (as observed using a closed-circuit television camera) was consistent with an image size of 10-20°. Stimulus onsets and offsets were transient in nature, and stimulus offset did not occur until the animal made a response. On each trial, the three stimuli were presented randomly at the three locations, and the animal's task was to detect the temporally-modulated light. Reinforcements of 0.1 ml sugar water were delivered following correct responses via a solenoid-operated dispenser. Each trial was monitored on-line and a closed-circuit television camera allowed the experimenter to assess the animal's progress and viewing position from an adjacent room.
Training consisted of shaping the animals to respond to the flickering stimulus presented alone, then adding the two alternatives once the basic task was acquired. When performance was consistently above 80% correct and when the animals showed no biases for one placement over another, variations in temporal rate and modulation depth were incorporated. The beginning of a trial was signaled by the simultaneous presentation of the stimulus and an auditory cue. The initial modulation depth was set at 100%. Correct responses were rewarded and the next stimulus presentation occurred after a time interval of 3 s. Incorrect responses received no reinforcement and a delay of 8 s occurred before the next trial was initiated. A modified method-of-limits/staircase procedure (Petry et al., 1984; Petry & Kelly, 1991) was used to maximize data collection near threshold. Briefly, this involved decreasing the modulation depth by 0.1 log units after a correct response, and increasing modulation depth by 0.1 log units after an incorrect response. In the event that two consecutive incorrect responses were made, the modulation depth was increased 20 steps (a total of 2.0 log units) for the next trial, which served to avoid loss of stimulus control near threshold. When performance was judged to be asymptotic for each temporal frequency, threshold determination sessions were initiated.
For each animal, data used to determine final thresholds were collected in ten sessions over a period of 10 days. Each session consisted of at least 50 trials for one of the five temporal frequencies tested (3.7, 7.3, 14.7, 29.3 and 46.9 Hz) . Typically each animal ran approximately 70 trials per session. Frequency-ofseeing curves were constructed for individual animals at each temporal frequency by plotting the percentage of correct responses at each level of modulation across the trials for that frequency. Data from a representative animal are shown in Fig. 1 . A least-squares linear regression analysis was performed on the linear portion of the data and threshold criteria for each frequency was based on the percentage value of 66.7% (midway between 100% maximum performance and 33.3% chance levels). The mean number of trials per frequency-of-seeing curve was 141. Values of r 2 obtained from the regression analysis ranged from 0.35 to 0.99 (mean r 2 = 0.80). The reciprocal of the threshold values (sensitivity values) were then plotted against the temporal frequency values to obtain temporal MSFs. Fig. 1 . Threshold determination. A representative frequency-of-seeing curve is shown (shrew 10-91-1; 14.7 Hz). Sensitivity was determined from data collected in two test sessions (following weeks of training) when performance was judged to be asymptotic. The frequency-ofseeing curve was constructed by plotting the percentage of correct responses at each modulation depth. Data points represent 8-14 trials per point; 118 trials in all. A least-squares linear regression analysis (solid line) was performed on the data between 100% maximum performance and 33% chance levels (lower dashed line). Threshold was defined as the value corresponding to 66.7% (upper dashed line) which in this case indicated a modulation depth of 0.31. The correlation coefficient of the regression line for these data was r 2 =0.76. visual angle. The resultant temporal MSF was in accordance with other measurements of the human temporal MSFs using similar small, sharp-edged stimuli under similar conditions (Kelly, 1972) . Comparison of the tree shrew and human MSFs showed equivalent sensitivity to frequencies above 15 Hz, but the human function peaked at a lower frequency and displayed much higher sensitivity in the low-to mid-frequency region. Similar results have been reported for studies comparing human temporal MSFs with those of ground squirrels (Jacobs et al., 1980) and cats (Loop & Berkley, 1975; Berkley, 1976 . Like tree shrews, ground squirrels and cats were much less sensitive than humans to temporal modulation at the low-to mid-frequencies. Although differences in eye size and retinal illumination make comparisons difficult, Jacobs et al. (1980) have correlated the lower overall sensitivity in the ground squirrel with the results of behavioral increment threshold experiments showing that the Weber fractions of ground squirrels were almost ten times larger than in humans (Jacobs & Birch, 1975) . Similar results have been found in cat studies (see Berkley, 1976 for review), but increment threshold data for the tree shrew are not yet available.
Results and discussion
This is the first behavioral study that has measured temporal modulation sensitivity in the tree shrew. As can be seen in Fig. 2 , individual temporal MSFs from the three shrews all peaked at the 14.7 Hz test frequency; all exhibited a low-frequency roll-off; and all suggested an extrapolated high-frequency cut-off beyond 50 Hz. The MSFs of two shrews were very similar, with the third showing relatively less sensitivity at the peak. The present results indicate that the tree shrew has relatively good temporal vision with peak sensitivity at about 15 Hz and an extrapolated high-frequency cut-off above 50 Hz. The sole other behavioral measurement of temporal vision in this species has been its critical flicker frequency (CFF). When using stimuli of similar luminance (35 cd/m 2 ), Schäfer (1969) obtained a CFF value of 70 Hz for the tree shrew, which is consistent with the extrapolated high frequency cutoff reported here. Not surprisingly, electroretinographic (ERG) recordings have produced higher CFF estimates on the order of 80-100 Hz (Tigges, Brooks & Klee, 1967; Ordy & Samorajski, 1968) .
High temporal resolution is a characteristic feature of cone-based vision. In common with tree shrews, ground squirrels have small laterally-placed eyes, a cone-dominated retina, and diurnal habits. Behavioral measurement of temporal modulation sensitivity (at 3.4 cd/m 2 mean luminance) in the California ground squirrel (Speromphilus beecheyi ) revealed a peak sensitivity similar to that of the tree shrew (about 18 Hz) and a comparable extrapolated high-frequency cut-off slightly above 60 Hz (Jacobs, Blakeslee, McCourt & Tootell, 1980) . For comparison purposes, a human temporal MSF was measured in the present study using the same apparatus, but with a constrained viewing distance which limited the size of the stimuli to subtend 3.6°of
